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Abstract

71w rapid development of advcitlced electronic packogittg  crnd itttercotutect  tcchr~ologies, specificcrily MCMS,
requires eflec(ive  woys of eval[iotitlg  the reliability of these j)ockges, A [though sotue ospccts of the technology,
such os chip at tachrnent, package sealing, and wire bonding are fairly  rtm ture, other issues such m the reliability
ossesslnent  of high detlsity inter cotmect structures are the subject of cotztitluing  stu(ly, l’he ARPA sponsored
R[![,7T<C[I program has cot~centrrrted  on cleveioping  at~d applying rtlethodologies f o r  odvonced irltercoruicct
techrlology Cissessmen!.

711is  poper will describe the reiiobili[y modeling perJortmd [itw[er the R[<I,lF:CII  progtarn, and wiil presettt iessoru
Icartled whictt cm lM used by other irlvestigcitors in the advanced prickogitlgfields,
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introduction

As with the development of hybrids, the usc
of MCMS is largely driven by [hc desire [o incrcasc
p a c k a g i n g  d e n s i t i e s  o v e r  c o m m o n  p r i n t e d  c i r c u i t

board technologies, with the associated reciuctions  in
siz.c and wcigh[.  MCMS also offer  pcrfor(llancc
cnhanccmcn[s b y  rcducin: the lcnglh of the
interconnect paths bctwccn circuit clcmcnts. Systcn]
reliability can also bc cnhanccd by rcclucing the
numhcr  of so]de.r joints between c}ectronic pockagcs
and boards.

.MCM tcchnolcrgics  arc typically dcscribcd
as MCM-I, (laminate), MC M-C (co-fired ccrarnics),

and  MCM-1) (deposited). “1’hc kuninatc tcd]nologics
arc best dcscribcd  as an ex[cnsion of standard circuit
board tcchnologics,  with smal]cr circuit fcatur’cs, ‘1’hc
ceramic MCh4s  arc similar to hybricl tccbnologics
where thick i-llrn conductors arc scrccn printed onto
k ‘green’ ccrarnic c}iclcc(ric Iaycrs,  an(i tile entire
assembly is laminated anti ilrcd.

MCM-D  t e c h n o l o g i e s  typicaliy u[ilizc
unreinforced ciiclcctric  matcriais  cicposited  onto a
substrzrtc. ‘1’hc  conductors are then spu[[erccl  or
platccl onto the ciiclectric iaycr, pattcrmcci,  CIChCCi,  an(i



crrvcrcd with cliclectric. l’his procc.ss is Icpcateci for
as many layers as ncccssary  for routing the inter-chip
circuitry, with openings, or vim providing inter-layer
electrical connections. Typical cliclcctric materials
arc polyimidcs  and Si02, and the conductors arc
typicnl]y  alulninum, copper, or gold. Figure 1 shows
a sketch of typical vias connecting mctzrl layers within
an MCM-IJ.
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l~igurc  1 - l’ypical Vim in an MCM-IJ
Interconnect.

l’hc RILTECH  program was created by
ARPA, the military services, and NASA to assess kcy
MCM tcchno]ogies,  identify the reliability issues
inhcrcn[ with each, and develop effective tests,
inspcctirms, or modeling rncthoctologies  to bc used to
evaluate the reliability of candidate technologies to bc
used in military+ space., or commercial environlnents.

“Ihe asscssnlcnt approach Used by

Rl~,l ,1’ECF1  uscs a multi-disciplinary [cam pcrfornling
technical surveys, product evaluations, reliability
rnodcling, accelerated environmental testing, and
failure analysis. A candidate technology is selected
based on its potential dual LISC applications, the ]evc]
of maturity of the technology, and whether it uses
nc.w  proccsscs,  designs, or materials.

An in-depth tcchrrical  survey is conducted at
t h e  p]-oduction plant, cxrrmining  t h e  clcsign,
production, and eval wrlion proccsscs  used by [hc
cornprny. “l’his technical survey provides kcy
knowlcc]gc nccdcci t o  beg in identifying potential
failure rllcchanisms for the technology in question.
‘1’hc  types of failure nwchanisrm  expected arc USCd  to

dc.tcrlnine  kc.y test structures to bc used in the test
vehic]cs (triple tracks for corrosion, Kelvin via strings
for high sensitivity rcsis[ance  rneasuremen[s, weave
chips and via strings for stuciying the durability of
large nulnhcr of vias, etc.).

‘I ‘he t e s t  v e h i c l e s  are cicsig,ncd to bc
rcprcsentativc. of the design, materials, production

processing, and complexity of the intended LISC. ‘1’hc
initial test vehicles are subjected to Product
}lvaluations (PEs), consisting of typical destructive
physical analyses. l’he information gainc.d in the PEs
is LIscd  to cornpm  the as-built product with the
design parameters, ic!cntifyin.g any ncccssary  process
controls or changes. “l’his infornla[ion is also used i n
constructing analytical models of the rllodutc  used to
predict thcrml performance and internal stresses.
l’hc remaining test vehicles are sent through various
accclcra  [cd errvironmcntal  tests with some held back
as control samples.

‘1’he tests related to durabi]  i ty (temperature
cycling and temperature shc)ck) arc continued
whcncverpossiblc  until failures arc obscrvccl.  l“his is
done in order to verify the prcdictcd  failure rnodcs,
and to attempt to determine the limits of tl(c
technology. The failure analysis is pcrforrncd {o
dctc.rminc the failure mechanism involvcci anti the
location of the faiiure. ‘l’tlisi[lfol-lllatiorl  isthcnusecl
torefinc  orcorrclatct  hcmocicls,  and then predictions
can bc extrapolated frcm accclerattxi  test con(iitions
to typical use conditions. This process is shown in
Figure 2.
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The tcchno]ogies  examined to date have
been variations of (he MCM-1) conccp[.
Copper/polyirnidc, and alun~ir]Llrn/Si02  high dcnsi[y
in[crconnccts.

As cicscribed  above, a par[ of ~hc R}{I.T’IC}I
program has ccrnccntm[ed  on the reliability modeling
of tbcsc technologies. 7’hrough the use of finite
clcmcnt models, the modeling team has endeavored to
identify potential failure mechanisms within the
MCM interconnect structures duc to thermally
indLlced stresses, both static and cyclical. The
rnoclc.ling effort has yielded valuable lessons learned
in tcrlns of [hc approach to a new technology
cvalL]ation.  Some of the rncrdcling  activities which
can benefit a new tcchrrology  include the ability to
perform design tractc-offs  prior to building prototype
Imrdwarc,  definition of accelerated test str-csscs, and
fac i l i t a t i on  o f  t he  failL]re analysis through
icientillcation of potential failure sites.

Rcliabitity Modeling

The. reliability modeling of the MCMS has
typically star(cd  with a thermal model of the entire
MCM paCk:lgc. This model is referred to as a
‘global’ rnodcl,  and is used to predict the thermal
pcrformnnce  of the module. l’he temperature rise
[hrougb  the stack-up of materials from the top of the
chip to the bottom of the package is eval L]ated, along
with the tcrnpcraturc  distribution within the varioL]s
]aycrs.  l’his identifies any J)otentiai limitations dL[e to
adhesive or cliclcctric rnateri:Ll selection.

infrared (IR) imaging is often performed on
a dc-lidcic.d,  powcreri moclule to obtain a [elnpcrature
Inap of the Inodu]c. This data is usefui  for doutJle-
checking the models. LJnexpccteri temperature
distributions or rises can be inciicativc of exccssivc
voids in a bond line, dclanLinatiorl between layers, or
non-typical nlalerial propcrlics.

‘1’he  tcn]pcratLlre ciistribution  of the global
tIIodcls arc then Llsed to calcLllate the therlnal  strc.sscs
in(iuccd  in the m o d u l e  dLIC  to t he  misma tch  in
coefficient of thermal expansion (C’1’l;) between the
varioL]s matcrifils  LMcd. ‘Ibis  moc]c] can bc LIscd to
predict critically high stresses, particularly in bond
Iincs Llndcr chips or substrates.

once the global behavior of lhc nlodLI]c  is

understood, the mocleling nlLlst then adcircss
individual failure mechanisms, if possihlc. MCM-D
interconnects utilize metal vias surrounded by a
dielectric which typically has rI vastly different C3’i~.

l’his C’1’E mismatch results in thcrlna] stresses which
arc clepcndcmt on the magnitude of the temperature of
the rnodulc.  As the temperature changes, the two
nmtcrials are L]ndcrgoing  ciimcnsional c h a n g e  a t
cliffcrcnt rates. l’his, cornbincd with the elasto-plastic
propcrlics  of the materials determines the n]agnitL]dc
of the rcsLllting s[rcss.  If a module is opcrateci  it{ a
tcrnpcraturc cycling environment, these stresses can
lead to cumulative damage, ultirnatc]y resulting in
fatigue fi~ilurc  of one of the materials. I’hc number
and magnitude of the cycles to failure can bc
predicted if enough material information is known.
~’hc fatigue life is calculated by predicting the strain
range in the material during each ternpcraturc  cycle,
ancl then using the Coff[r~-Mar]sclr~  theory to predict
the nunlbcr of cycles to failure for the given strain
range.

1 .cssons  harm-d

Global Models

In preparing the global moclcls, it m
important to have detailed inforlnation  on the
materials used in assembling the modu]e, the layout
of the module, and the power dissipation of the active
devices. These, as all models, are highly dcpcndcn[
on the material  piopertics usecl, and on basic
assumptions sLlch as bond line void fractioas,

Whenever possible, 1[< thcrlnography,  or
other rncans of acquiring tcmpcraturc ciistribution
information should bc used. Ibis is invaluable in
correlating the analytical predictions to the real
performance. l’his kind of information is key to
preparing models which arc representative of the real
construction c)f the module.

An key lesson learned was how critical it is
to bc able to validate models for t}ie operating
cnvironnle]lts. ‘1’ypically, t he rma l  m o d e l s  a r c

validated strict]y  in conduction. A]though fine uncler
a conduction cooling environment, the thermal path
can vary greatly when convective cooling is
intl-educed. ~nc analysis rcquircci that the mode! bc
tested in an oven. Ihle [o the high thcrnml power
output that was otilizcd, an accurate estirnatc  of the
convection was nearly impossible. ‘1’csting  the itcm
in an agitated liquid bath did provide what was
bclicved to beknown boundaryc onditions. IIowcvcr,
other- f a c to r s  h a d  t o  b e  dc[erminccl,  s u c h  as cxacl

numbers for the flow Raleigh and Prancitl Numbers.
I’hiscomplicatcci the analysis but the correlation was
reasonable. I;igure 3 shows a view of the analytical



model will] the top cover of the mOclL]le  Jxrrlially
rcmcrvcd.

l~igure 3 -View of GIobal  Mockl  With Cover Cut
AwIay

11< thermal images created by Ronlc I,abs
(SCC I’igure  4) iodicatcd a chip attach problcm wi[h
somcof the test vehicles. Themcasurcrncntss  howccl
an unexpected 160(2  tcmpcraturc  gradient across the
sLlrfacc of a die. Fur~hcr investigation with Sonoscan
acoustic imaging, shown in ~~igurc 5, concluded that
there wcrcsignifican[  voids orareas  ofpooracitlcsion
in the clic at[rrch  material. In the Sonoscan images,
bright  a r e a s  c o r r e s p o n d  t o  incrcascd rcflcctcd
acoustic energy, indicating a change in the material,
such ma void orchangco fdcr~sity.

“1’o n]oclcl what dctrirncntal  effects this
WOuld have on the component, the rncasLircd
tcmpcraturc  gradient was applied across the chips
within the thcrma] model, scc I;igurc 6, and the
rcsLliting bond line stress was calculatcct. It was
conc]Lldcd that the bond ]inc stresses were not
c]iticallyhigh  in this case.
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Figure  6 - FIthl  With  Gradient Applicc]  Across
I)ic.

In order to have a r]lorc’ Cor]lpletc
undc.rstanding  of the effects of voiding, a slLIdy  was

performed where the voiding was varied from 0$% to
5090. I’hc stL]dy showed that a ~(FZf voic{ing  best
simulated the module. Other information from the
stLIdy showed that the performance of the chip attrrch
had a significant impact on the thermal profile while
the substrate attach had minimal cffcc[.
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Material l’ropcrties

]n addition to accLmtc geometric daln,
analytical models rely heavily on the quality of

the
the

ma[crial proper[ics  usc.d. II) recent s~Lldics,  many
cktys have been spent searching for ma[cria]
properties relevant to the problem being andyzcd.  It
is important to remember that bulk properties arc
of[cn substantially different from thin film propcr[ics
for the same material. l’his is particularly trLlc for
e.lasto-plastic properties for metals, used in predicting
the stress and strain resulting from thermal effects in a
tnod[llc.

Adciitionally, care must be taken in modeling
polynjcric  materials. l’hcse often have tenqxmr[tlrc
dcpcndcnt CI’ES, as well as viscoclastic  behavior
which requires much more than just knowlcc]ge of the
C“l”li at one temperature and Young’s modulus. The
material n)casurcmer)ts performed by the LJnivcrsity
of Maryland CAI,C.F.  center arc indicative of the data
nccdcd for modeling polymers [ 1].

Some of the common sources of ma[crial
prope,rly information arc: the open literature,
manufacturers  pccificatiolls,  as well as da[abascs  such
as the onc maintained by Purdue [Jnivcrsity
(CVNDAS).

140C:II Modc!ls

One difficulty often expcricnccd  in moc[cling the
small interconnect structures is the lack of sLlitab]c
material physical properlics, as mentioned above.
When moclcling small detail items where
n)ctalliz,ation  thicknesses approach grain siz,cs, the
existing bulk material properties are not applicable.
};or detailed local models it is ncccssary to obtain as-
utilimd material properties. In a(idition,  obtairlirlg
these properties for certain materials is often very
difficull. Polymers, for instance, can very greatly
bctwccn lot and arc clctmninant upon what the
operating temperatures arc and how that corresponds
with any glass transition tcmpcraturcs. Rcfcrcnces
~ 1 ,2] describe the process Lrti]i~,~d for a
c[)l){)cr/l)olyir~~idc  interconnect structure.

When prcdic[ing stress distribution for these
situations, it is also necessary to understand the
Imccssing  steps, to gain an idea of the initial stress
state of the materials. I’hc deposition or curing
tcn)pcraturcs  used in a cliffcrent  proccsscs can rcsu]t
in di ffcrcnt residual strc.ss states when the module is
at mom tcnlpcrature.

When creating FEMs, care must bc krkcn to ensure
that errors arc not introduced by the flnitc elen)cnt
rncsh density. It is pruclcr)t to perform scrrsitivity
studies on [hc mesh size to dctcrminc the optimal
mesh density, rcclucing both errors, and cornputcr  run
time.

lra!igt]c l’rcdictions

Most fatigue prediction methodologies arc
based on the Coffin-Marlson equation [3]:

~ =$ (2 N~)b+ E;(2Nf~

where

AC is the total cyclic strain range over a single cycle.
A&

‘1’hLls, ~ IS VJllfil to the strain antp/itude in cyclic

loading.
O; is the fgt~guc stre.ngt})._c_gcffi~cr~~,
ki is Young’s nlodu]us  for the matcria] under cyc]ic
loading,
2N f is the rrurnbcr  of load reversals to failLrre. l’bus,

the number of cycles to ftrilurc is N f, where each
cycle is a single l;igure 3 hysteresis loop.
b is the. fatiglle sl~cr]~ll~  e~por!c~lt.

8; is the fati~e d~uctiljty  Coefficjqnt,
c is t}lc f:ltigue.d~lcti iity a[)one:rjt.

As seen, this equation requires the usc of coefficients
that dcscribc the fatigue durability of the material in
thC plastic ant] elastic ranges. l’hesc cocl’ficicnts  arc
dcrivccl I’ron) cnlpirical data. l’his, Ilowcvcr,  requires
cxtcnsivc  sample testing, and can bc difficult and
Costly to pcrforln on thin metal films. Average
Value.s, said to bc rcprcscntative  of many materials
have been published [4,5], “1’hc strain behavior of the
problcm at hand must be completely un(icrstood to
dctcrlrlinc whether the problem is mos[ sensitive to
‘the clas[ic or plastic coiriponcnts, to gauge tbc
uncc.rtainties  in the preclictions.  When making fatigue
jmdictions,  it is inlporlant to study the scnsi[ivity of’
the predictions to the cc)cfficicnts  usccl, and to
corrc]atc the rnodc]s to test clata whcncvcr  possible.

Analytical ‘1’ooIs

J;initc clcnlcnt analysis tools abound for usc
on workstations, as well as PCS, h40st analytical
too]s arc able to pcrfmm therma[  as well m ]incar
Skrtic  solutions. If the user will be sitnulating
convective or radiative boundaries in addition to



conduction, the analytical tools must be able to
properly simulate these as well. When  modeling the
ctfccts of large ternpcraturc  excursions on a nloctLllc,  a

package capab]c of properly handling material non-
linearity is rcqLlircci. l’he analytical  solution m u s t  he

able to a c c o m m o d a t e .  clasto-plastic  constitutive
models for the material properties, and if crccp
c. ffccts (sLlch as seen in poIynm’s)  arc 10 bc nloclc]cd,
the tool must be able to pcrforrn  viscoclastic  solutions
as WC]].

“1’hese FHM. analytical tools arc typically
complex with long leari~ing curves and usLrally bcs[
suited for cxpcriencect analysts. In an effort to reciuce
these complexities, Rome Laboratory has developed
the lntelligcat Multichip Module Analyzer
(IMCMA),  a finite elerncni based thermal clesig,n tool

[6]. IMCMA does not require the designer to bc a
the.rnurl/reliability experl a n d  g i v e s  a  thcrrnai
assmsr~~cnt in minutes dcpcncting on [he complexity
of Ihc design and spcecl of the computer. The
sof(warc has a Design o f  E x p e r i m e n t  (DOU)
capability which allows tradeoff stLldics to bc
performed in the early stages of MCM development,
when changes arc the most cost effective.

Conclusions
Anrrlytical  modeling is a powerful tool that cm bc
LISCd in conjunction wi[h destructive physical
analyses, accelerated testing, and failure analyses to
fully understand the issLlcs inherent to various MCM
technologies. Although challenges inc]Lldc locating
tllc appropriate malcriat  properties, cor[clating
IIIOdCIS  to test data, and validating life preclictions,
nlocicling  proviclcs  the ability to evaluate the effects
of changes in various parameters, thus optimizing the
design prior [o building prototypes. “l’his approach

can rcsLllt in shortening the design cycle and lowering
overall dcvclopmcnt  costs.
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